In recent years there has been considerable study of the potential mechanisms underlying the electromechanical response of ionic-polymer-metal composites. The most recent models have been based on the response of the ion-containing clusters that are formed when the material is synthesized. Most of these efforts have employed assumptions of uniform ion distribution within spherical cluster shapes. This work investigates the impact of dispensing with these assumptions in order to better understand the parameters that impact cluster shape, size, and ion transport potential. A computational micromechanics model has been developed to predict the equilibrium state of a single cluster of an ionomeric polymer with cluster morphology. No assumptions are made regarding the distribution of charge or the shape of the cluster. For a constant solvated state, the model tracks the position of individual ions within a given cluster in response to ion-ion interaction, mechanical stiffness of the pendant chain, cluster surface energy, and external electric-field loading.
I. INTRODUCTION
It has been over a decade since the transduction properties of ionic-polymer-metal composites (IPMCs) were observed. [1] [2] [3] [4] [5] In that time there has been considerable conjecture over the potential applications of these soft transducers 2, 3, 6, 7 and considerable fruitful investigation towards these ends. [8] [9] [10] However, many aspects of ionomer electromechanical behavior still are not understood, impeding full exploitation of these devices. For instance, because these devices (for most polymer and associated counterion forms) display a fast response followed by a slow "relaxation" response when fully solvated, it is clear that at least two different electromechanical response mechanisms are stimulated by the application of an electric field. The nature of these mechanisms is still under investigation.
Most models of the transduction behavior rely on the cluster morphology of the ionic polymer layer as proposed by Hsu and Gierke, 11 where the material has been solvated with water. In brief, the backbone of the ionic polymer chain is hydrophobic, while the side chains terminate in hydrophilic ionic groups. Hsu and Geirke propose that these hydrophilic ionic side groups and the water that has been taken up by the material cluster together. The model further suggests an idealized structuring whereby the clusters are of essentially constant radius, uniformly distributed throughout the material, and interconnected by channels. Subsequently, many have sought to quantify the cluster radius and spacing as functions of polymer equivalent weight, hydration level, counterion, etc. See for instance the modeling works of Datye and co-workers 12, 13 and the experimental work of Lehmani et al. 14 Early transduction models proposed an entirely hydraulic description of the electromechanical response. In this approach counterions and water migrate through the thickness of the material in response to electric field; this in turn results in differential swelling of the clusters and the observed bending response. Because these models are consistent with a substantial proportion of the experimentally observed response, considerable strides have been made in the effort to develop them. 15 However, it has been noted that these models are in conflict with certain aspects of recently obtained experimental observations. 16 A subsequent hybrid model proposed by Li and Nemat-Nasser 17,18 addresses the abovenoted multimechanisms by considering the interplay of multiple contributions to the overall energy state including elastic, electrostatic, and osmotic effects. In the process of developing their models they also assume uniform distribution of the ionic side groups over the surface of each spherical cluster. Further, the formation of pseudodipoles, or ion pairing, is assumed when counterions are present; pairing is assumed to be complete and uniformly, radially oriented. Based on the results of a preliminary model, 19 the model presented in this work directly addresses the impact of releasing the assumption of uniform and balanced ion distribution through application of a computational approach. The current work also introduces explicit consideration of the effect of cluster surface energy in relation to ion-cluster surface interaction and allows for predictions of nonspherical cluster shapes. Ultimately, this model identifies the lowenergy state of a cluster for specified distributions of ions, and thus no transport of ions outside the cluster is considered. Rather, transport in this study is considered indirectly via the state of the cluster. The intent of this work is to facilitate the application of the larger length scale models, such as those noted above, through identification of sources of error and their impact. The paper is organized as follows: Section II discusses the base assumptions and theoretical development. Section III addresses construction of the model. Section IV fits the model to a specific ionic polymer case, which serves as the base line from which trends may be observed. Section V presents model predictions. Section VI provides a discussion. Section VII concludes the work.
II. MODEL DEVELOPMENT
Our goal is to understand the interactions of ions within a cluster as a function of relevant polymer properties. To this end we base our analysis on the cluster model shown in Fig.  1 . The cluster model consists of a specified number of negatively charged ionic groups ("anions") and an equal number of positively charged ions ("cations"). We assume that the cluster is solvated with a liquid and that this liquid creates a surface tension at the boundaries of the cluster which will restrict the motion of cations and anions. Further, we assume that this cluster surface or hydrophobic-hydrophilic boundary, is defined by the location of the anions covalently bonded to polymer side chains.
We define ion pairing as the close proximity of a cation and an anion. Unlike some previous models which have assumed that ion pairing is complete, the present model allows the existence of "unpaired ions," i.e., those cations that are not in close proximity to an anion. Further, the existence of cations located outside the anion boundary shell, termed "outer cations," is hypothesized.
The model is constructed such that the ions are allowed to move independently in a manner governed by the summation of electrostatic, elastic, and cluster surface forces, where this summation dictates the proposed stepping direction. The summation of the corresponding energy terms is used to establish the admissibility of a force-driven step toward a lower-energy state. In both summations, it is assumed that there is no direct coupling among the critical terms. These summations are given by
where the subscript "ext" refers to externally applied electric field, "ion-ion" refers to electrostatic ion-ion interactions, pc refers to pendant chain response to motion of the attached anion, and s refers to the interaction of ions with the cluster surface. In the application of Eq. (1), each ion is considered individually in order to determine the direction of stepping. Equation (2) is applied to establish the admissibility of the step direction via minimization of energy. Convergence (equilibrium) of the system as a whole is reached when all ion steps are rejected as inadmissible, thus the total system energy has been minimized for the given step size. In the following discussion, each of the terms in Eqs.
(1) and (2) are addressed individually.
A. Externally applied electric field
The only external electric-field loading considered is the electric field applied globally via the IPMC electrodes. The force exerted on any given ion due to the total external electric field is found by multiplying the charge of that ion, c, by the externally applied field
Ion position is monitored by a position vector, p, which is updated after each step. For uniform and constant F ext , the potential energy associated with ion position due to external fields is given by
Because only changes in this value are of interest, the constant of integration has been omitted.
B. Ion-ion interaction
The force on any given ion due to every other ion is expressed by multiplying the electric field by the charge of the ion being considered,
E ion-ion is given by 
͑n an +n cat ͒ 9 ϫ 10 9 c j
where E i−j is the electric field acting on ion i due to ion j, n an is the total number of anions, n cat is the total number of cations, is the net effective dielectric constant within the cluster, c j is the charge of the jth ion, r o is the equilibrium separation between atoms, and r i−j , given by
is the vector distance separating ion i from ion j, while r i−j is the magnitude of r i−j . In Eq. (6), r i−j is raised to the power of 3 instead of the power of 2 because r i−j must be normalized. The first parenthetical term of Eq. (6) is consistent with classic electrostatic theory. 20 The second parenthetical term derives from the nature of an ionic bond where Pauli repulsion prevents overlapping ion clouds and the exponential value is found experimentally to vary between 3 and 12. 21, 22 In the absence of available experimental data for the case studied in this effort, a relatively large exponent from within this range is selected in order to minimize long-range effects. By applying this expression, cation-anion pairs necessarily respond in a manner consistent with dipole response without having to explicitly account for the pairing.
Based on Eqs. (6) and (7), the force acting on ion i is a function of position, p i , and thus, the change in potential energy associated with incrementally moving the ion must also be a function of position, such that,
where the gradient is taken in r, resulting in
͑n an +n cat ͒ 9 ϫ 10 9 c j c i
where U ion-ion is naturally path independent.
C. Pendant chain response
Any motion of the anion is necessarily resisted/assisted by the deformation of the pendant chain to which it is covalently bonded. This resistance/assistance is approximated by a linear reversible spring, such that,
where p o is the initialized anion position and k pc is estimated from the models of Datye et al. 12, 13 as
where k B is Boltzmann's constant, T is absolute temperature, and ͗h 2 ͘ is the mean-square end-to-end distance between ionic groups. Based on the values provided by Datye et al., this value can be calculated for the cases of 8 and 20 dipoles at room temperature, while linear extrapolation is used to estimate the value for other numbers of ion pairs.
For the case of constant k pc , the change in energy associated with anion displacement from position p 0 to position p is given by
D. Cluster surface-ion interaction
In the absence of all external stimuli (gravity, ion motion, etc.), the cluster shape minimizing cluster surface energy is spherical. Most ionic polymer models assume spherical cluster shapes, as proposed by Hsu and Gierke. 11 However, cluster surface-ion interaction can distort this shape away from this spherical, low-energy state. In the development of the appropriate expressions to be substituted into Eqs. (1) and (2), it is best to begin with the energy expression from which the force expression is developed.
The expression for surface energy is commonly given by
where ␥ is the constant surface-tension coefficient and A is the area of the surface. For a spherical cluster, the total surface energy is given by U S,sphere = ␥͑4r 2 ͒. Cluster surface response to ion interaction is local. Therefore, only changes in the local area are considered. It is assumed that anions are always in contact with the cluster surface, while cations are not. Thus, if an anion moves either inward or outward from its initialized position, the surface will resist the motion. A cation may move to the interior of the cluster with no surface energy penalty (refer to Fig. 2 ). Because both cation and anion radii are much smaller than the cluster radius, the local region impacted by ion-surface interaction may be approximated by a flat surface, resulting in a surface response which is invariant to ion size. (It can be shown that the maximum error introduced by this approximation is 5%, which occurs at hypothetical large displacements of an anion, which in turn are rarely predicted by the model.) Consider first the case of an anion moving outward from its initialized position by step, h. Referring to Fig. 2 , the surface of the ion which has perturbed the cluster is given by
while the original area of this region is given by
Equation (15) is derived from the mensuration formula for the surface area of a sphere zone. Next, consider that for the current case, interest is in variations away from the lowenergy, initialized state. Change in the surface energy due to change in the local surface area is given by
Simplifying the above equation and recognizing that h is the magnitude of the step beyond the initialized position at the cluster surface,
the expression for the change in cluster surface energy due to the local disturbance may be expressed as
Finally, an expression for the force imposed on the ion due to the distortion may be developed, where
The radius of the ion drops out of both the energy and force expressions. Thus, while this discussion began by identifying an outward motion of an anion, Eqs. (18) and (19) are valid for both anion and cation outward motion with the caveat that these expressions are not to be employed at all if a cation is at a position interior to the cluster (or ͉p͉ Ͻ r cl ). Furthermore, these expressions are valid for both large and small distortions.
It can be shown that an inward anion step results in the analogous expressions for force and energy change, even if the deformation shape is set to a semispherical shape of radius h. The resulting final expressions are given by
Lastly, it can be shown that the above force expressions, when converted to an expression for the differential pressure between the interior and exterior of the cluster (by dividing by the local area being considered), are equivalent to Laplace's formula,
III. MODEL CONSTRUCTION
The model input values are based on those typically applied for the case of Nafion® (DuPont) fully solvated with water and with sodium as the cation ( Table I ). The majority of the values assigned are based on Datye et al. 12 The exceptions are the values for the dielectric constant and surface energy constant, where these are based on typical values for water. [24] [25] [26] Application of these macroscopically obtained, uniform values represent a simplifying assumption.
Using the input value for cluster radius, spherical coordinates are used to initially, uniformly distribute the anions in three-dimensional space on the surface of the cluster. If the perturbation range, ␣ per , is nonzero, then each of the anions is perturbed from its initial position in terms of and within the range of ±␣ per / 2. Perturbations are accomplished by calling a random number, n, between −0.5 and +0.5, and applying it such that
Similarly, another random number is called to perturb the value for . This process is repeated for each anion. Following the distribution of the anions, the cations are randomly placed within the cluster bounds, where overlapping placements are rejected. From this starting point, the ions are stepped toward their equilibrium positions as previously described. When this process begins, the external electric field is zero while the ions find equilibrium positions based on their initialized distribution ("Equilibrium 1"). From the calculated force, a step in the same direction and of maximum magnitude 0.002 nm is tested (selection of this step size is discussed in the following section). If the step leads to ion overlap, the step size is reduced or rejected depending on the proximity of the conflicting ion. The step is then tested to confirm that it leads to a lower-energy state via Eq. (2); if it fails this test, the step is rejected. This method of stepping is similar in thinking to a grid-based model, but allows for more realistic stepping directions. The same convergence approach is applied when this equilibrium state is disturbed by external electric-field loading leading to "Equilibrium 2." For this case, the first term in Eq. (1) is no longer zero.
Because a large number of random distributions must be considered, the challenge in this approach is the computational time sometimes required to reach convergence. The current system is considered converged only when all ion steps are rejected. Convergence for a single run is typically reached within 2500 iterations, but considerably more steps are sometimes required. In the parametric studies, 1000 runs of each configuration are considered.
IV. DEFINING THE BASE LINE CASE

A. Step length
Various initial step lengths, spanning two orders of magnitude, are considered where all step lengths are normalized with respect to cation radius. The various predictions are compared based on the number of iterations to equilibrium and lowest predicted final energy state (with and without external load).
The starting incremental step sizes range from 2r cat to r cat / 100. The starting incremental step size is applied throughout the process of establishing Equilibrium 1 from the initialized 26 uniformly distributed anions and 26 randomly distributed cations. Because the average force acting on the ions at the start of this process is significantly larger than that acting on the ions when this equilibrium state is disturbed by an externally applied electric field, the step size is reduced in the second iteration process in proportion to the reduction in initial average force. Application of a simple ratio of forces for reducing step size is justified by the realization that the second action of the model is in fact attempting to use an electrostatic approach to capture a dynamic response where a larger step corresponds to a higher velocity. The significant dynamic effects not explicitly addressed in the foregoing development are viscous drag and electrodynamic effects. The drag force effect in this case is approximately, directly proportional to velocity, 27 and thus justifies the use of a step length which corresponds to smaller velocities. The redirection of ion movement introduced by electrodynamic effects is rather complex; it is assumed that scaling the step with force will not introduce significant error in this estimation.
It is found that the force acting on an ion in the first iteration is ϳ2 ϫ 10 −11 N, while the force acting on an ion when the subsequent equilibrium is disturbed varies from ϳ8 ϫ 10 −12 to ϳ 2 ϫ 10 −13 N, where the values are larger for larger initial step sizes. Thus, the factor decreasing the step size in the second stage of the model ranged from ϳ2 to ϳ135, and subsequently led to significant variation in the number of iterations to Equilibrium 2. Table II shows the predictions for each case; Fig. 3 illustrates the definition of "ion pairs," where center to center distance of the oppositely charged ions must be less than or equal to r max ( Table I) .
The step size selected as most appropriate is initialized to a length of r cat /50 (in Table II ). Based on the extent of energy decrease away from the initialized random ion distribution (column ⌬En1), as well as the total energy decrease of the system after it has been perturbed by an external electric field (column ⌬En2), it is clear that convergence is reached at the step size of r cat / 40, however, when the total number of iterations over both loading sequences is considered, application of r cat / 50 will give faster convergence. Moreover, the cases of r cat / 40, r cat / 50, and r cat / 100 were also reconsidered over 100 runs; the trends given in Table II remained consistent over 100 runs.
B. Cluster surface-tension coefficient
The foregoing development of force and energy expressions relies largely on continuum (or macroscale) concepts, and subsequently, the macroscopically determined surfacetension coefficient, ␥, is applied. However, theoretical and computational studies on the length scale of nanometers present an interesting challenge in that it is not truly continuum in nature nor is it quantum. Moreover, this is the length scale studied in molecular dynamics, where quasicontinuum ball-and-spring approaches are typically applied, 28, 29 as has been done in this effort. Recognizing that the constant surface-tension coefficient derives from the intermolecular forces of a pure substance, one should expect that this constant will be locally altered when a single cation or anion group is acting upon the cluster surface. A detailed study of this effect is beyond the scope of this work, however, an indirect assessment is warranted.
It is found that application of the macroscopically determined (base line) value for cluster surface-tension constant, ␥ b leads to "stiff" surface response. Table III provides predicted cluster response to variation in ␥; Fig. 3 illustrates the definition of an outer cation, where the center of the cation must have radial position at least equal to the initialized radial position of the anions. Based on the predictions in Table  III , parametric studies are considered for both ␥ b and 0.05␥ b . This alternate value is considered because it is the largest value for which the pendant chain force may have any significant impact on cluster size and response, and thus allows further insight into the role of each of the key parameters (cluster surface, pendant chain, electrostatic, and external field effects).
V. MODEL VALIDATION AND PREDICTIONS
The following case studies are investigated for 1000 random distributions: variation of cluster surface tension, nonuniform anion distribution, and variation of initialized cluster size. The latter two cases are considered for both the base line cluster surface-tension constant, ␥ b , as noted in Table I , as well as for the reduced cluster surface tension of 0.05␥ b , as noted in Table III . In all cases, anions are initialized to positions on the surface of the cluster with the r coordinate set to R cl − R an .
For clarity and brevity, predictions for each are provided in graphic form, showing only Equilibrium 1 response. Any variations in response due to the application of external field are described in the text. Each graph considers the number of cations positioned at the outer extremes of the cluster (outer cations), the number of anion-cation pairs ("pairs"), and the average cluster radius ͑r ave ͒.
A. Case 1: Variation of cluster surface tension
This study of the variation in cluster surface tension repeats three of the cases addressed in Table III , but for 1000 random distributions rather than 10. This serves two purposes: it gives insight into the statistical validity of the results for each case (Table IV) , while simultaneously allowing insight into the impact of cluster surface force/energy (Fig.  4) . Referring to Table IV , consider first the issue of statistical validity. For each surface tension considered, cluster size and shape predictions are nearly identical for 10-run and 1000-run cases. Only the standard deviation of the r ave values from case to case varies (as opposed to the standard deviation of the r values within each case). For both 10 runs and 1000 runs, the tolerance on the prediction is quite tight, and becomes slightly more so at 1000 runs for most of the noted scenarios; for all scenarios, this standard deviation value does not vary significantly from the 10-run case to the 1000-run case predictions. When considering the average number of iterations, there is significant variation between the anticipated iterations (10 runs) and the average actually realized. However, the difference favors a faster convergence than expected. Lastly, the most significant variations observed between the 10-run case and the 1000-run case studies are the number of outer cations and the number of pairs. However, this variation for 1000 runs as compared to 10 runs is only fractional. Thus, because both the number of cases considered and the variation in a critical material property ͑␥͒ varied over multiple orders of magnitude in the above study, while the predictions remained effectively constant, the remaining cases will be assumed to be statistically valid. Moreover, the standard deviation of the r ave values within each case is consistently two or more orders of magnitude smaller than the prediction itself; this trend persisted through the study, and is thus omitted from further reporting.
The above discussion of the tight tolerance (small standard deviations) in the predictions also addresses the issue of convergence to local energy minima. Specifically, cluster convergence within an ionomer should not be expected to achieve an absolute minimum energy state because of the dynamic nature of fluid/ion morphology. Thus, typical energy minima, though not necessarily an absolute minimum, should be expected as the norm; the above predictions indicate that this norm falls within a rather tight range.
Next, consider the predictions themselves (Fig. 4) . For the two stiffest cases, despite significant ion motion, the final cluster size is virtually identical to the initialized size. There is also an increase in the predicted number of pairs and outer cations as ␥ increases. Lastly, in all but the predicted number of outer cations for the stiffest ␥, there is no discernable difference between Equilibriums 1 and 2. For the exception case, the predicted number of cations positioned at the outer region of the cluster drops from 6.4 to 5.7 ions per cluster upon the application of an electric field. When the ions with positive and negative z components are considered separately, it is found that about 2 / 3 of this reduction occurs in cations positioned in the negative z direction, and thus the motion is in the direction of the applied field. Lastly, the magnitude of the internally generated electric field is on the order of 10 8 V / m for all cases.
B. Case 2: Variation of anion/cation-initialized positions-␥ b
This study (Fig. 5) considers the effect of the ion distribution. Perturbing the position of the anions away from the uniformly distributed case is considered first, followed by consideration of uniform distribution of both the cations and anions. For the base line case ͑␣ per =0͒, the internally generated electric fields are on the order of 10 8 V / m; for both of the perturbed cases, these fields are on the order of 10 7 V/m. For the case where both the anions and cations are uniformly and radially distributed as pairs on the surface, the fields are on the order of 10 8 V / m. As in previous cases, no discernable changes in the systems are identified upon application of the external electric field.
C. Case 3: Variation of anion/cation-initialized positions-0.05␥ b
This study (Fig. 5) again considers the impact of uniform versus random anion distribution, but for the case of 0.05␥ b . The internally generated electric fields of the perturbed cases are on the order of 10 7 V / m. For the case where both the anions and cations are uniformly distributed as pairs on the surface, the fields are on the order of 10 8 V / m. No discernable change in the system is identified upon application of the external electric field in any of the cases.
D. Case 4: Variation of initialized cluster size-␥ b
Referring to Fig. 6 , in all cases there is a tendency for the cluster to reach an equilibrium size which is tenths of percent smaller than its initialized size. For the largest initialized case, the predicted number of outer cations upon application of an external electric field decreases (Equilibrium 2). It is found that there is an even distribution of cations moving inward on both sides of the cluster.
E. Case 5: Variation of initialized cluster size-0.05␥ b
The impact of the assumed initial cluster size for 0.05␥ b is considered in Fig. 6 . There is again a tendency for the cluster to reach an equilibrium size which is smaller than its initialized size, but with decreases ranging from 1.5% to 3.5%; these values constitute nontrivial strain response. Again, there is a decrease in the predicted number of outer cations for the largest initialized radius at Equilibrium 2; the numbers of cations are evenly distributed to the upper and lower portions of the cluster.
VI. DISCUSSION
Because a significant number of case studies are considered, a corresponding number of issues warrant discussion. Thus, this discussion will skip the bulk of the "intuitive" predictions, such as reduced anion movement in response to increased cluster surface tension. The discussion is thus limited to general tendencies, to significant case by case observations, and to the less, or sometimes counterintuitive predictions.
A. General tendencies
The first significant observation from the model predictions is the pervading tendency for an incomplete ion pairing, while simultaneously, a nontrivial number of cations are predicted to assume equilibrium positions at the outer extremities of the cluster. When taken together, this suggests that cluster equilibrium states are predisposed to cation transport. This is consistent with the transport mechanism proposed by Datye et al., 12 where the nontrivial number of pairs at the cluster surface still provides the impetus for transport, but with the added understanding of how it is possible that free cations are available for transport. Further, the number of predicted pairs is relatively insensitive to variations in cluster parameters, where the predicted number of pairs is typically between 18.6 and 20.6 (excluding initialized radius effects). It is believed that the prediction of incomplete pairing is related to (i) the inclusion of the Pauli repulsion effect addressed in the electrostatic interaction [Eq. (6)], (ii) restricted anion mobility, and (iii) applying an initialized, nonuniform cation distribution. The last point addresses the impossibility of uniformly introducing new cations to individual clusters within the material in the fabrication stage. If this prediction is considered in conjunction with the global IPMC modeling developments of Nemat-Nasser and Li 17, 18, 30 where the assumption of uniform distribution of ion pairs is applied in the development of an expression for the internal cluster pressure and corresponding effects on predicted stiffness and boundary layer thickness, their model would tend to underpredict the actuation response. Application of the results of the current effort could easily be introduced to these global models in order to better account for this more realistic cluster state.
The number of cations predicted at the outer extremes of the cluster is sensitive to variations in cluster parameters, with a low prediction of 3.1 and a high of 8.2. It is presumed in this effort that a large number of cations positioned at the outer positions corresponds to a state that is transport facilitated. The rationale is twofold. First, an outer cation is positioned favorably for transport to a neighboring cluster. Second, in the event that cation is inhibited from transport by pairing, by virtue of establishing a pair, it opens a neighboring vicinity for other cations to transport with minimal interference. Both the perturbation of anion positioning and variation of the cluster surface-tension constant impact the predicted number of outer cations. In general, a stiffer ␥ leads to increased cations at the surface. The value in this prediction is that by varying either the solvent introduced or the cation (and thereby altering ␥), control over this parameter is envisioned. The challenge here is that introduction of new solvents or alternate cations will necessarily impact the self-organized cluster size and shape, over which there is little control at present; as explored in Cases 4 and 5, initialized cluster size has dramatic impact on model predictions. Thus, to establish reliable control over the number of cations positioned at the outer extremities of the cluster, and facilitate transport, an optimization of various fluid/polymer interactions would be required.
One of the goals of this effort is to investigate the impact of the classically assumed spherical cluster shape. In the studies considered here, the standard deviation in position from anion to anion is two orders of magnitude lower than the prediction itself, where anion position is assumed to dictate cluster size and shape. Thus, for an initialized spherical shape, even under significant ion motion, the shape remains essentially spherical.
Some of the cases have predictions of reduced internally generated electric fields. Because the result is unexpected, it is reported. However, because these calculations are done only at six specific points in space (at x, y, and z = ±R cl ), it is possible that the prediction is not general enough to be treated as a global prediction. It is, however, conceivable that significantly different electric fields will be generated at points exterior to the cluster based on the cluster state.
With respect to the application of an external electric field, where the magnitude of the applied field is consistent with average fields applied in IPMC applications, no significant variation in cluster state is predicted. There are multiple possible explanations for this. First, the model is fundamentally electrostatic in nature, while response to electric field is fundamentally dynamic. While an attempt to address this issue is made via the reduction of step length upon application of an electric field, it is conceivable that this served only to "fine tune" the low-energy state. This is suggested by the predictions of decreasing numbers of outer cations upon the application of an external electric field in Cases 1, 4, and 5. Another possible consideration is that cation transport should be expected, where the current model offers no transport paths to neighboring clusters, while their existence is implicitly assumed in allowing the clusters to expand/contract. Lastly, it is possible that the applied electric field is simply too low in magnitude to affect any significant response; as noted in an earlier work, 19 the electrode structure of IPMCs is dendritic in nature and will necessarily result in locally high electric fields. Thus, no conclusion may be drawn with respect to electric-field loading based on the foregoing studies.
B. Initialized cluster size
As explored in Cases 4 and 5, initialized cluster size has significant impact on model predictions. Selection of the initialized cluster size must be carefully considered because this state is the only state where cluster surface and pendant chain effects are zero. This is a necessary condition, as it is understood that in an equilibrium configuration, each of these energy terms will be nonzero and mutually balanced. Because it is impossible to anticipate where that balance will occur, some initial state must be assumed. The base line cluster radius applied is based on Nafion® fully solvated with water and sodium as the cation, as estimated from the works by Datye et al. 12 When the base line cluster surface tension, ␥ b , is also employed, the equilibrium radius is essentially unchanged. However, when a reduced cluster surface-tension constant is employed, 0.05␥ b , significant contraction is predicted, even when the initialized size is itself reduced. Because the base line cluster surface-tension constant, ␥ b , is believed to be too large at this length scale, it is proposed that in order to use this type of model for a specific case study (as opposed to the trend study in the current effort), it would need to be fitted to the appropriate cluster radius. In other words, a guess method for the initialized state would have to be employed until a realistic equilibrium cluster size is predicted; corresponding pairing and outer cation predictions could then be used to anticipate the extent to which the configuration is transport facilitated. Thus, this parameter must be an informed value (preferably identified experimentally) for the specific case of interest.
Another interesting prediction arising from this study is the decreased number of outer cations and pairs predicted as the initialized cluster radius is reduced. One might expect each of these values to increase under the conditions of "close quarters." What is likely happening is that the ions are finding uniform distributions to minimize the energy state (in response to Pauli repulsion) rather than pairing or moving to outer positions.
C. Initialized ion distribution
One of the goals of this effort is to address the impact of the classically assumed, uniform distribution of anions along the cluster surface and perfect corresponding alignment of cations, forming nested ion spheres. To highlight the significant difference between this modeling approach and those that assume this uniform distribution, a perfectly uniform case as described is also tested in Cases 2 and 3. As expected, when the perfectly uniform case is employed as the initialized state, the system change is negligible from the initialized state. However, as previously noted, the incomplete ion pairing and outer cations predicted by the various random distributions should in fact facilitate transport; thus, again, the assumption of uniform distribution may tend to underpredict this material response. Moreover, the predicted number of ion pairs formed is approximately constant over the variations in perturbation, while the predicted number of outer cations increases; thus, it is presumed that transport is predicted to be facilitated by the more realistic random ion placement, though it may be somewhat more challenging to incorporate this prediction into the global IPMC models noted.
Another interesting prediction of this study is the modest increase in cluster size as perturbation increases (though still smaller than the predicted size for the perfectly uniform case). This is likely the result of the electrostatic effects encouraging the aforementioned uniform distribution, while the pendant chain resistance to radial distortion is now somewhat increased due to the added tangential displacements.
D. Cluster surface stiffness
Case 1 most directly addresses variation of cluster surface stiffness. It is to be expected that variation of the cation will affect the cluster surface tension, which in turn is known to affect clustering; this is supported by the well-documented variation in water uptake and cluster morphology with variation of the introduced cation. Also, noting that the results of the current effort emphasize the significant impact cluster morphology has on whether a cluster is transport facilitated, it is concluded that the cluster surface tension plays a significant, if not sometimes dominant, role in cluster morphology for varying levels of water uptake, which in turn plays a significant role in facilitating the cation transport leading to actuation response. A detailed, case by case study is necessary to assess the exact impact of this parameter for variations in cation, water uptake, or other solvent uptake.
VII. CONCLUSIONS
In this work the impact of assuming spherical cluster shapes with uniform ion distribution is investigated. The model predicts that, due to inhibited anion motion via elastic and surface energy effects, combined with Pauli repulsion, ion paring is rarely complete, thus facilitating cation transport. Overall, this model suggests that application of the assumption of uniform charge distribution over a spherical cluster shape in global material models will tend to underpredict the observed macroscopic actuation response; in general, these predictions are easily incorporated into the global models. The spherical cluster shape is essentially maintained throughout the various case studies. Further, this study introduces the significant role of cluster surface tension in ultimate actuation response and thus represents a potential mechanism for control over transport properties, and subsequently, over actuation response.
